A rapid and simple method was developed to detect enteroviruses and hepatitis A virus (HAV) in sewage and ocean water. Sewage samples were concentrated by Centriprep-100 and Centricon-100 at 1,000 x g. Samples collected from estuary and near-shore surf zone ocean water in Southern California were concentrated by vortex flow filtration and microconcentration. Reverse transcriptase-polymerase chain reaction (RT-PCR), with enterovirus primers or HAV capsid-specific primers, was used to detect enteroviruses or HAV in all concentrated samples. A nonradioactive internal probe was used to confirm the amplified products. Results of seeding experiments indicated that at 4°C, HAV was more persistent than poliovirus in seawater and both HAV and poliovirus persisted longer at 4°C than at 25°C. RT-PCR was at least 500-fold more sensitive than cell culture. Results were obtained within 5 h by RT-PCR, in contrast with the 5 days to 3 weeks required for cell culture.
Historically, viruses have been recovered from water and wastewater by conventional adsorption to and elution from microporous filters followed by traditional cell culture methods (1) . Since only small numbers of viruses are usually found in environmental water samples, the concentrating steps are necessary to recover viruses from a large volume of water. Because viruses propagate slowly on specific cell lines, it takes several weeks to detect the presence of viruses by plaque assay or observation of cytopathic effects. There are numerous problems associated with traditional cell culture. The sensitivity of detection by cell culture is low (9) , and the method is labor-intensive and tedious. Moreover, some enteric viruses, such as Norwalk virus, rotaviruses, and hepatitis A virus (HAV), are difficult or impossible to cultivate by cell culture. To improve the detection sensitivity, enzyme-linked immunosorbent assay (18) , radioimmunoassay (6) , radioimmunofocus assay (10) , and nucleic acid hybridization (7, 23) have been used to identify viruses from sewage or shellfish samples, but these assays require the use of radioisotopes or cumbersome procedures.
Recently, reverse transcriptase-polymerase chain reaction (RT-PCR) has been successfully used to detect enteroviruses, polioviruses, rotavirus, Norwalk virus, and HAV from stool, oyster, and environmental samples (2-5, 8, 9, 14, 22) . The RT-PCR is a rapid and highly sensitive detection method which can circumvent the disadvantages of traditional cell culture methods. The traditional virus concentration procedures use beef extract to elute viruses from cartridge filters and either acid or polyethylene glycol (PEG) to precipitate viruses from filter eluates (1, 11, 23). One major problem related to the traditional concentration methods is that the beef extract and PEG are not eliminated from the concentrate, RT-PCR is inhibited, and further cleanup steps are required to obtain positive results (4, 15) . Sewage and surface water samples concentrated by alum flocculation * Corresponding author. also inhibit the RT-PCR (9). In addition, humic substances in environmental extracts were also found to inhibit the PCR procedure (17, 19) . Although methods have been developed to overcome the problem of humic interference (20, 21) , the beef extract and PEG still pose problems when trying to perform RT-PCR to detect viruses.
In the present study, we successfully applied a simple ultrafiltration method to concentrate viruses, followed by RT-PCR to detect enteroviruses and HAV from the undiluted concentrated sewage and ocean samples without using beef extract or PEG. Vortex flow filtration and centrifugal microconcentration were used to concentrate viruses from environmental samples. The inhibitory effects caused by humic substances, beef extract, and PEG on RT-PCR were avoided.
Sewage samples, including primary influent, primary effluent, and secondary effluent, were collected from a major metropolitan sewage treatment plant. One hundred milliliters of sewage was concentrated to 4 ml with a Centriprep-100 (Amicon, Inc., Beverly, Mass.) concentrator at 1,000 x g. An equal volume (4 ml) of a chloroform-isoamyl alcohol (24:1) mixture (Amresco, Solon, Ohio) was added to the concentrated sample. After brief vortexing, the homogenate was centrifuged at 800 x g for 10 min to reach a biphasic state. The upper aqueous phase was further concentrated to 100 ,ul with a Centricon-100 (Amicon) microconcentrator at 1,000 x g. All sewage samples were processed at 4°C within 4 h after collection. Concentrated samples were stored at -20°C and analyzed within 1 week.
Ocean samples were collected from near-shore waters of Southern California. Sample sites included surf zone (HP), the brackish zone of a river (SAR), and a flood control channel (D2). Fifteen liters of each sample was concentrated to 100 ml with the use of a vortex flow filtration (VFF) device (Membrex Inc., Garfield, N.J.) at 5 to 6 lb/in2 with a 100-kDa filter and a rotor speed of 1,000 to 1,500 rpm. These concentrated samples were further condensed to 100 ,ul with Centriprep-100 and Centricon-100 as described for the sewage samples.
Enteroviruses and HAV from the concentrated samples were detected by the RT-PCR method as described by De Leon et al. (4) . HAV strain HM175 and poliovirus type 1 strain LSc were used as positive controls. The amplification was performed with a GeneAmp RNA PCR kit (Perkin Elmer-Roche, Norwalk, Conn.) with slight modifications. Briefly, 2,ul of concentrated sample was added to 16 il of RT reaction mixture containing 5mM MgCl2; 50 mM KCI, 10 mM Tris-HCI; 1 mM each dGTP, dATP, dTTP, and dCT'P; and HAVC-IN (5'-TTGCTCCTCT'EfATCATGCTAT-3'), respectively (4 For the microconcentration recovery and RT-PCR sensitivity test, 100 pA of poliovirus ranging from 103 to 10-4 PFU/100 ,ul was seeded into 2 ml of sterile distilled water and reconcentrated with Centricon-100 to a final volume of 100 ,ul. In the seeding experiment, 600 pA of serially diluted HAV or polioviruses (101 to 103 PFU/100 pA) was inoculated into 12 ml of nonsterile HAV-and enterovirus-negative ocean water (5 -500 PFU/ml final concentration) and incubated at two different temperatures (4 and 25°C) in the dark for 28 days. Two-milliliter aliquots from each temperature were collected at 0, 1, 7, 14, 21, and 28 days, concentrated into 100 ,u1 as described previously, and amplified by RT-PCR. The poliovirus and HAV stocks (106 PFU/ml) were grown and plaque assayed in BGMK (African green monkey kidneyderived) cells and in FRhK-4 (fetal rhesus kidney-derived) cells, respectively (15) . The cell culture method took 5 days to 3 weeks to complete the plaque assay as described in Standard Methods (1) . The virus density (PFU per 100,ul) of each serially diluted sample was derived from the virus stocks. Phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 8 .1 mM Na2HPO4, 1.5 mM KH2PO4) was used as the diluent.
VFF was previously used by Paul et al. (12) to concentrate bacterial phages and dissolved DNA from freshwater and seawater. In the present study we have combined VFF and microconcentration to concentrate seawater 105-fold for RT-PCR detection of viruses. On the basis of the RT-PCR results, the VFF in combination with microconcentration recovered the same order of magnitude of polioviruses as was seeded into 15 liters of sterile ocean water. However, the preliminary cell culture results indicate the total PFU counts in the VFF concentrate were less than, but within the same order of magnitude of, the initial seeded counts. The discrepancy could be due to the inactivation of the viral particles by the accumulated inhibitory compounds, by the operating temperature, or by the mechanical disturbance of VFF during the concentration process, but those inactivated virions were still detected by RT-PCR. Additional studies are under way to better define recovery efficiency. The sensitivity of detection did not change when the virus concentrates were stored at -20°C for 2 months. However, the stability of viruses in the concentrates using cell culture methods was not determined. Figure 1A shows RT-PCR-amplified target DNA fragments (196 bp) of enteroviruses from concentrated poliovirus virions, sewage, and ocean samples. Southern hybridization analysis illustrates that sensitivity of detection for polioviruses was 10-1 PFU/100 pA (Fig. 1B, lane 5 ) compared with 1 PFU/100 pl (Fig. 1A, lane 4) on the ethidium bromide-stained gel. The detection level was at the same order of magnitude when a serially diluted stock of poliovirus was tested as the RT-PCR control (data not shown). No positive signals were found from samples collected from filtrates (permeates). This indicated that polioviruses were recovered primarily in the retentate after microconcentration. Because only 2 RIu of concentrated retentate (100 ,ul) was used as a template for RT-PCR, the results suggest the PCR is capable of detecting 0.002 PFU per reaction, which implies the detection of the nonculturable polio viral particles. Thus, it is apparent that the RT-PCR with subsequent DNA hybridization is much more sensitive (500-fold) than cell culture for the detection of enteroviruses. Additionally, because of rapid enzymatic amplification in the RT-PCR, the presence of viral RNA was detected within 5 h, whereas 48 h to 10 days was required to determine the presence of poliovirus by cell culture methods (1) . The sensitivity of detection by using the two-temperature thermostable rTth RT-PCR was found to be 1/10 that of three-temperature RT-PCR. Therefore, the three-temperature RT-PCR was used throughout this study.
Positive signals for enteroviruses were observed in raw sewage (primary influent), treated sewage (primary effluent and secondary effluent), and one flood control channel (D2) (Fig. 1B, lanes 9 to 15) . Negative results were found in the brackish river water (SAR) and near-shore, surf zone marine water (HP) (Fig. 1B, lanes 17 to 20) . Additional PCR products (500 bp) were obtained from secondary effluent, but they did not hybridize with internal probes, indicating they are due to amplification of nucleic acids from background organisms or viruses. No inhibitory effects on RT-PCR were observed when undiluted concentrates were used for testing (Fig. 1) . Positive signals for HAV were found in all three sewage samples (Fig. 2) , but not in D2, SAR, and HP samples (data not shown). RT (10-') ; A-3, PI, (10-2); A-4, P1 (10-3) ; A-5, primary effluent (PE), undiluted; A-6, PE, (10-1) ; A-7, PE (10-2); A-8, PE (10-3) ; A-9, secondary effluent (SE), undiluted concentrate;
A-10, SE, (10-'); A-11, SE (10-2); A-12, SE (10-3) Our results using RT-PCR confirm this finding.
In the present study, in order to prevent RNA degradation by RNase activity, the RNA virions were kept intact until they were burst open by heat denaturation immediately before RT-PCR. Because RNA was easily degraded in the seawater (13) , it was unlikely that the amplification products resulted from the free viral RNA. Only 1/25th (15 liters/375 liters) of the volume of ocean water needed to perform the conventional adsorption-elution method was concentrated through VFF and successfully used for microconcentration for virus detection. Minimal equipment and labor were required during the concentration. Because neither pH adjustment nor beef extract was employed, the concentrated samples were immediately ready for RT-PCR. The sensitivity of detection by RT-PCR was much higher than that of the traditional cell culture method, and RT-PCR proved to be a powerful and sensitive method for virus detection in environmental water samples.
